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ABSTRACT. Thermoanaerobacter brockilcohol dehydrogenase (TbADH) is a zinc-dependent NADP
H-linked class enzyme that reversibly catalyzes the oxidation of secondary alcohols to their corresponding
ketones. Cobalt substitution studies of other members of the alcohol dehydrogenase (ADH) family showed
that the cobalt-containing ADHs have a similar active site structure but slightly decreased activity compared
to wild-type zinc ADHSs. In contrast, the cobalt-substituted TbADH (Co-TbADH) exhibits an increase in
specific activity compared to the native enzyme [Bogin, O., Peretz, M., and Burstein, Y. (R8&é)n

Sci. § 450-458]. However, the structural basis underlying this behavior is not yet clear. To shed more
light on this issue, we studied the local structure and electronics at the catalytic metal site in Co-TbADH
by combining X-ray absorption (XAS) and quantum chemical calculations. Importantly, we show that
the first metat-ligand coordination shell of Co-TbADH is distorted compared to its native tetrahedral
coordination shell and forms an octahedral structure. This is mediated presumably by the addition of two
water molecules and results in more positively charged catalytic metal ions. Recently, we have shown
that the metatligand coordination number of the zinc ion in TbADH changes dynamically during substrate
turnover. These structural changes are associated with a higher coordination number of the native catalytic
zinc ion and the consequent buildup of a positive charge. Here we propose that the accumulation of a
higher coordination number and positive charge at the catalytic metal ion in TOADH stabilizes the structure
of the catalytic transition state and hence lowers the barrier for enzyme catalysis.

Alcohol dehydrogenases (ADHsgonstitute one of the For most members of the ADH family, the kinetics of the
most extensively studied families of metalloenzymes. Thesereaction with alcohols and aldehydes follow a Thorell
oxidoreductases catalyze the interconversion of alcohols,Chance sequential mechanism, where the binding of the
aldehydes, and ketones in various stages of metaboliccofactor is the first step and its dissociation is the last (and
pathways in both prokaryotes and eukaryotes. ADHs require rate-determining) step3( 4). The oxidation of alcohols
either NAD"(H) or NADP*(H) as a cofactor for catalysis. requires a net removal of two hydrogen atoms from the
Most ADHs contain zinc at the active sit&)( Zinc- substrate. This dehydrogenation process is known to proceed
dependent ADHs are dimers, usually found in higher plants by the coupled processes of proton abstraction and hydride
and mammals, or tetramers, such as those present in yeast®n transfer. Several catalytic mechanisms for ADHs have
and bacteria. been proposed, based on accumulating structural and spec-
troscopic evidence gathered from the most studied enzyme,
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dehydrogenase has received much attention, since unlike theative Zn-HLADH. Specifically, théc,: of cobalt-containing

well-studied HALDH and other eukaryotic ADHSs, it pos-

HLADH was ~0.9-fold lower than that of Zn-HLADHZ1,

sesses unique properties that are invaluable for industrial use22). Other studies aimed at elucidating the possible difference

(12). Specifically, TbADH is remarkably stable up to 85,
exhibits a high tolerance for organic solvents, and shows
broad specificity and high reactivity toward secondary
alcohols and low reactivity toward primary alcoholkl).

TbADH is a tetramer comprising four identical subunits,

each containing 352 amino acid residues, corresponding to

a molecular mass 0£38000 Da per subunif.). The overall
three-dimensional structures of TbADH and its analogues,
alcohol dehydrogenase fronClostridium beijerinckii
(CbADH), were studied by X-ray crystallographyl4).
Structurally, the sequences of CbADH and TbADH are 75%

identical, and they have similar three-dimensional structures.

The crystal structure of apo-CbADH (cofactor-free) shows
that the single zinc ion in the catalytic site is bound to Cys-
37, His-59, Asp-150, and Glu-60. The structures of ThbADH
in its holo (cofactor bound) form and CbADH in its apo and

holo forms reveal few differences compared to the structures

of other ADHs which include the type of ligation around
the catalytic zinc ion, the absence of a structural zinc ion,
and the lack of the conserved “proton relay” pathwa) (

Previously, we determined the microenvironment of the
zinc site in TbADH in various complexes that are relevant

between the different isozymes of human ADH showed that
the coordination environment of the catalytic cobalt ions is
strictly conserved in both class | ADH (HLADH) and class

[l human ADH (23). Interestingly, investigations of cobalt-
substituted HLADH by variation of the pH of steady-state
kinetics and electron paramagnetic resonance (EPR) dem-
onstrated that the active site’s metal ion in the ternary
enzyme-cofactor-alcohol complex is pentacoordinated with

a neutral water molecule as a fifth ligantio( 24).

Here we report comparative studies of Co-TbADH using
X-ray absorption (XAS) spectroscopy complemented by
high-level quantum chemical calculations. We show that the
cobalt(ll) ion in the highly reactive catalytic site in Co-
TbADH possesses octahedral coordination. We suggest that
the deviation from the native tetrahedral coordination of the
metal ion is directly correlated with the higher reactivity of
the substituted enzyme.

EXPERIMENTAL PROCEDURES

Materials. All chemicals were of the highest purity grade
and were obtained from Merck (Darmstadt, Germany), except
when otherwise noted. Trisma base, phenylmethanesulfonyl

to substrate turnover. In the first stage, stable complexes offluoride (PMSF) s-nicotinamide adenine dinucleotide phos-

TbADH suitable for structural characterization were achieved
by using the inhibitor dimethyl sulfoxide (DMSQO) which
mimics substrateproduct binding 15). These studies indi-
cated that the catalytic zinc ion in TbADH forms a penta-
coordination complex upon binding to DMSO. In addition,
the change in coordination resulted in the accumulation of a

phate (potassium salt) (NAD®, b,L-dithiothreitol (DTT),
ampicillin, and benzamidine were purchased from Sigma (St.
Louis, MO). DEAE-Sepharose and Red Sepharose CL-6B
were purchased from Pharmacia (Uppsala, Sweden). Ethyl-
enediaminetetraacetic acid (EDTA) and 2-butanol were
obtained from Fluka Chemical AG (Buchs, Swizerland). The

positive charge on the zinc ion. These studies were further Protéin assay kit was from Bio-Rad Laboratories (Richmond,

extended to the dynamic structural characterization of the
enzyme reaction with the substrate 2-propanol, using time-
resolved freeze-quench X-ray absorption coupled with pre-
steady-state kineticd ). Importantly, we have demonstrated
that the microenvironment of the zinc site in TbADH

Expression and Purification of Recombinant TbADH.
Recombinant TbADH was purified according to a modifica-
tion of the procedure described by Bogihal. (1). Briefly,
plasmids containing the TbADH sequence were transformed

undergoes dynamic and rapid structural changes that ardnto the Escherichia coliTG-1 strain. The TG-1 cells were

closely related to the enzyme kinetics and the reaction

grown aerobically for 16 h at 37C in 2YT medium with

mechanism. Specifically, during substrate turnover, the native @MPicillin (100ug/mL). Pelleted cells were resuspended in

tetrahedral coordination of the catalytic zinc ion is altered
and forms a pentacoordinated intermediate, which is ac-
companied by a buildup of a positive charge on the metal
ion.

To provide further mechanistic insights regarding the
nature of this phenomenon, we substituted the TbADH
catalytic zinc ion for cobalt. Interestingly, cobalt-substituted
TbADH exhibited a higher specific activity toward its native
substrate, 2-propanoll. One of the most common and
effective tools for determining the structural basis of the
catalytic properties in zinc enzymes is by substituting the
spectroscopically silent zinc ion for analogous metals such
as cobalt and cadmium ion&%). Cobalt substitutions have

25 mM Tris-HCI, 0.1 mM DTT, 0.1 mM EDTA, 1 mM
benzamidine, and 0.02% sodium azide (pH 7.3) (buffer A).
Cells were disrupted for 5 min by pulsed sonication (Branson
450 sonifier) within ice, followed by centrifugation at 23@00
for 15 min. The supernatant was heat-treated for 10 min at
65 °C and then centrifuged again at 23@d0r 20 min. The
supernatant was applied to a DEAE-Sepharose column (7
cm x 3 cm), pre-equilibrated with buffer A containing
protease inhibitors at 4C, and then extensively washed with
buffer A until no protein was eluted. The recombinant protein
was eluted from the column with a solution of 0.1 M NacCl
in buffer A and applied to a Red Sepharose CL-6B column
(13 cmx 3 cm), which was pre-equilibrated with buffer A
containing protease inhibitors at 4C. The recombinant

been used extensively for studying the reaction mechanismprotein was eluted from the Red Sepharose column with a

of ADHs (10, 18—20). The crystal structure of the cobalt-
substituted HLADH shows that the tetrahedral coordination
of the catalytic metal is preservedq). It is important to
note that the cobalt-substituted HLADH exhibits kinetic
properties similar to but slightly lower than those of the

400 mL NacCl linear gradient (from 0.1 to 1 M). Active
fractions were collected and concentrated by ultrafiltration,
using Amicon YM-30 from Millipore (Bedford, MA). The
concentrated protein solution was collected and dialyzed
extensively against buffer A.
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Cobalt SubstitutionTbADH catalytic zinc was replaced Mylar tape and were immediately frozen in liquid nitrogen.
with cobalt following the published procedures.(In brief, The frozen samples were mounted into a Displex closed-
the metal substitution was accomplished using serial exten-cycle helium cryostat, and the temperature of the samples
sive dialysis sections, including the following steps: chela- was maintained at 30 K to minimize the thermal disorder in
tion of TOADH catalytic zinc ion using 1,10-phenanthroline, the XAS data.
removal of 1,10-phenanthroline from the TbADH solution, Data Collection for XAS.XAS data collection was
and, finally, introduction of cobalt (cobalt acetate) into metal- performed at the National Synchrotron Light Source (NSLS)
free TOADH. The Co-TbADH was analyzed for zinc and at Brookhaven National Laboratory (BNL, Upton, NY). The
cobalt content using inductively coupled plasma atomic XAS of Co-TbADH samples was collected at beam line
emission spectroscopy (ICP-AES). Co-TbADH contains one X9B. The spectra were recorded at the cobalt K-edge in
coablt atom per subunit, which is equivalent to the molar fluorescence geometry at a low temperature (30 K). The
amount of zinc in the wild-type enzymd)( Co-TbADH beam energy was defined using a flat Si (111) monochro-
exhibits a pH dependence similar to that of wild-type mator crystal. The incident beam intensity) (vas recorded
TbADH, with maximum activity for 2-propanol oxidation  using an ionization chamber. The fluorescence intensity was
within the pH range of 8.69.0 (data not shown). recorded using a 13-element Ge detector. The transmission

Inductively Coupled Plasma Atomic Emission Spectros- signal from a cobalt foil was measured with a reference ion
copy (ICP-AES).The metal content in TbhADH and Co- chamber, at the same time as fluorescence, for beam energy
TbADH was analyzed by inductively coupled plasma atomic calibration purposes. Several scans of each sample were
emission spectroscopy using an ICP-AES model “Spec- collected for a total of 1 000 000 counts across the edge.
troflame” from Spectro (Kleve, Germany). Zinc and cobalt The samples were checked for burn marks after each scan,
content were determined, after extensive dialysis of protein and the beam position on the sample was changed before
samples, against three changes of 100 volumes of metal-each scan to minimize damage by radiation. The enzyme
free 25 mM HEPES-HCI and 100 mM NaCl (pH 8.3). activity was checked after exposure to X-ray, and the enzyme
Samples were digested in nitric acid, and the volume was was found to be fully active.
adjusted to 6 mL. Portions of this solution were analyzed The XAS of the cobalt model component cobalt(lll)
versus certified standards. The measurement was repeatedcetylacetonate (Co-AcAc) was measured at Agere/UIUC
three times using protein samples from different batches. beamline X16C. X-ray absorption coefficients of this sample

Protein ConcentrationsProtein concentrations were de- were measured at room temperature in the fluorescence mode
termined by the Bradford assagf), with bovine serum by using the ion chamber for the incident beam and the

albumin as the standard. Stern—Heald detector for fluorescent beams. No differences
Enzyme Actity Assay.The enzymatic activity of Zn-  in edge energy were observed between Co-AcAc and Co-

TbADH and Co-TbADH (assayed in the direction of alcohol TbADH.

oxidation) was measured at 4Q by following the absorp- Data Processing and AnalysiShe average cobalt K-edge

tion increase at 340 nmedy = 6.2 mM~t cm™) for the absorption coefficient(E), obtained after several indepen-

formation of NADPH from NADP. One unit of enzyme  dent XAS measurements for each sample, was aligned in
activity is defined as the amount of enzyme that catalyzes absolute energy, using the reference cobalt metal foil XAS
the formation of lumol of NADPH per minute at the initial ~ data as an absolute energy calibrant. Then, the absorption
velocity under the above-mentioned conditions. coefficient for different samples was shifted in X-ray energy,
The enzymatic activity was measured and calculated usinguntil the white-line energies were aligned at the same energy
a Beckman DU-7500 spectrophotometer equipped with a (7720 eV).
Multicomponent/SCA/Kinetics Plus software package and The pre-edge regions of the X-ray absorption spectra of
thermostatatic water-circulating bath. The reaction mixtures Co-TbADH and Co-AcAc were analyzed using normalization
contained a total volume of 1 mL in 0.15 M Tris-HCI buffer  of the edge jump, followed by subtraction of the background
(pH 9.0) and 0.5 mM NADP. Co-TbADH measurements and edge region with a function composed of linear and
were performed using similar metal-free solutions, with the arctangent components, as described previowy. Cal-
addition of cobalt acetate which produced a final concentra- culation of the pre-edge +8d peak area after the back-
tion of 2uM. The concentrations of 2-propanol and 2-butanol ground was subtracted was obtained either by integration
were 0.05, 0.1, 0.2, 0.5, 0.7, and 1.0 mM. The kinetic over a range of8 eV or by fitting to a Gaussian function,
parameters were calculated by fitting the initial velocities to both of which gave identical results. The entire pre-edge
the hyperbola function using the nonlinear fit tool of Origin analysis was carried out using Origin 6.1 (OriginLab Corp.).
6.1 (OriginLab Corp.). The smooth atomic background was removed using the
Preparation of Samples for X-ray Absorption (XAS) AUTOBK program of the UWXAFS data analysis package
Enzyme samples were extensively dialyzed against three(27), developed at the University of Washington (Seattle,
changes of 100 volumes of metal-free 25 mM HEPES and WA). The same energygy = 7720 eV) was chosen for the
100 mM NaCl (pH 8.3). HEPES buffer was used to avoid purpose of removing the background as the origin of the
drastic pH changes in the cryogenic temperature. The usephotoelectron energy. The space region for minimizing
of HEPES buffer did not affect the enzymatic activity of the signal below the first shell was kept between 0 and 1 A.
Zn-TbADH and Co-TbADH. The enzyme sample was After the background had been removed, the udefahge
concentrated to produce a final concentration of 1 mM( in the resultingk? weighting factor §(k)] is between 2 and
mg/mL) by ultrafiltration, using a Millipore Centricon-30 10—10.5 AL Initial model data for the fitting procedure
(Bedford, MA) apparatus. Protein samples were loaded into were constructed by extracting the catalytic zinc site
copper holders (10 mnx 5 mm x 0.5 mm) covered with  coordinates (with a radius of 5 A) from the crystallographic
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coordinates of CbADH, because of its better structure Table 1: Kinetic Constants of Alcohol Oxidation for Zn-TbADH

resolution over TbADH'’s crystal structurd4). Using the
computer code FEFF28, 29), we calculated the theoretical

photoelectron-scattering amplitudes and phase shifts after

replacing the zinc with cobalt ion. Further refinement of the
fits was achieved using the structure of aqua-thiourBiaN{(
diacetato)semicarbazidg;0,0',0""]-cobalt(ll) as a model
(30). Total theoreticaly(k) was constructed by adding the
most important partigk(k), which contributes to therange
of interest.

Thek? weighting factor and the Hanning window function,
defined between 2 and 9-30.0 A2, were used in Fourier

transformations for all data sets. During the fitting procedure,
the various parameters, including the corrections to the

energy origin AEo), bond distancesAR), and mean square
disorders of the distances, the Deby&aller factors ¢?),

were varied until the best fit was achieved. The number of

relevant independent data pointslgp) in the data was
calculated using eq 13():

_ 2AKAr

Nigp = +2 (1)

where Ak and Ar are the data ranges ik and r space,
respectively. Equation 1 implies that the number of fit
variables should be smaller thaky,. To reduce the number
of fit variables, we optimized and fixed the many-body factor
S? at 0.8. The theoretical XAFS signal was fitted to the

and Co-TbADH

2-butanol 2-propanol

kinetic constant Zn-TbADH Co-TbADH Zn-TbADH Co-TbADH

Km(app) (mM) 0.19 0.18 0.19 0.17

Keat (umol 50 64 42 53
min~t mg™)

kealKm (MiN7Y) 259 355 225 311

aKinetic constants were determined at 4D in 150 mM Tris-HCI
buffer (pH 9.0) by varying the substrate while keeping the cofactor at
a saturating concentration. Initial velocities were measured and
calculated as described in Experimental Procedures. Errors for fitted
parameters were in the range of 50%.

ion (37). The interaction (complexation) energies are calcu-
lated according to eq 238):
En(M.Xy,.... %) =
E(MX 1,.... X)) = EByX -0 X) —
(E{[M(H,0),)°"} — E[Bau(H,0).) (2)

RESULTS AND DISCUSSION

Kinetic Characterization of Co-TbADHnitial velocity
studies provided the kinetic constants for substrate turnover
using 2-propanol and 2-butanol (Table 1). Substitution of
the catalytic zinc ion in TbADH with the cobalt ion increased
the turnover number by approximately 1.4-fold. The apparent

experimental data, using the nonlinear least-squares metho,, values are similar for both substrates. Changes in the

implemented in FEFFIT 7) in R space, by Fourier

enzymatic efficiency were mainly due to tlkeg values of

transforming both theory and data. Data and theory were Co-TbADH being higher than those of wild-type TbADH

weighted byk? and multiplied by a Hanning window function
in Fourier transforms.

Computational DetailsAll the calculations were per-
formed with the Gaussian 98 program suig)(within the

(Table 1). Taken together, these results show that unlike
cobalt substitutions of other ADH2Q, 21), Co-TbADH
exhibits a catalytic efficiencyk{./Kn) that is greater than
that of wild-type Zn-TbADH. These results are in agreement

framework of density functional theory. The three-parameter with previously reported data for Co-TbADH)(

functional developed by Becke3d) has been employed
(denoted B3LYP). The optimization of the molecular ge-

XAS StudiesTo provide additional insights regarding the
increase in the enzyme efficiency of the cobalt-substituted

ometries was carried out using the 6-31G basis set for theenzyme, we examined the local structure around the metal
first and second row atoms. This was further augmented byion by X-ray absorption spectroscopy (XAS). XAS is a

diffuse functions, theq2p,d) set for Co and Znspfunctions

unique structural technique capable of providing bond

for other heavy elements, and a single set of polarization lengths, coordination numbers, and electronic structures

functions: f for TMs andd for other heavy elements. Single-

around a target atom. This structural information can be

point energy calculations on the optimized geometries were obtained with a precision of 0.01 A. Spectral analysis at the

carried out using the tripl&-(TZ) basis set of Wachters and
Hay (34, 35) for Co and Zn and the standard 6-311G set for
other elements (H, C, N, O, and S3§]. It was augmented
by the same diffuse functions as 6-31G with further addition
of s functions for hydrogens and the following sets of
polarization functions: @ for TMs, 2df for other heavy
atoms, and @d for hydrogens. The exponents of all diffuse

near-absorption edge provides information about the metal’s
charge state and geometry, whereas the extended X-ray
absorption fine structure (EXAFS) region above the absorp-
tion edge provides structural information, such as metal
ligand coordination numbers, atom types, and metghnd
distances.

Pre-Edge Spectral Analysigigure 1la shows the X-ray

and polarization functions were used as implemented in absorption near-edge structure (XANES) spectra of Co-
Gaussian 98, and the described basis sets have beedbADH and cobalt(lll) acetylacetonate (Co-AcAc). When

approached via 6-3tG(d) and 6-31%-+G(2df,2pd) key-
words.

The properties of cobalt(ll) complexes have been calcu-

the region near the X-ray absorption edge is scanned, the
excitation of a core electron to a bound state, below the
ionization threshold, is excited, revealing substantial chemical

lated for the lowest-quartet spin state, which is the ground and structural information. K-edge absorption spectra of
electronic state in both of the considered coordination octahedral transition metal complexes containing empty 3d
geometries (octahedral and tetrahedral) and a set of ligandorbitals generally exhibit a low-intensity peak approximately
(RCOO, RS, H,0O, and imidazole), whereas cobalt(lll) has 10 eV before the edge. These peaks have been assigned to
been assumed to be in a single)f(e,)° electronic config- symmetry-forbidden transitions of 1s core electrons to 3d
uration, which should be the lowest electronic state of this empty states39, 40). The intensity of the 153d transition
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set separately, avoiding the use of heavy constraints. The
stability of the bond distance solutions derived for each
structure was examined by varying the initial conditions of
the distance and thermal disorder (Deby#aller) param-
eters, while examining the contribution to the fit quality
parameters, namely? andR-factor values. The possibility
of a higher coordination number (more than four ligands) at
the active cobalt site was examined by either varying or
fixing and stepping the coordination humber, while testing
the stability of the fitting results (Table 2). The values of
AE, were optimized for each fit either by floating or by
stepping analysis.

The local structure around the catalytic cobalt ion in the
Co-TbADH enzyme, determined by our EXAFS data analysis
procedures (Table 2), was best fitted to the octahedral model;
it consists of one CoeO/N contribution at a bond distance
of 1.86 + 0.03 A, four Ce-O/N contributions with an
average bond distance of 2.67 0.03 A, and one CeS
contribution at 2.26+ 0.02 A (Table 2, fit 7). Any attempt
to resolve the CeO/N distances failed, because of a high
correlation in theAR parameters in the fit. Fitting of Co-
TbADH to tetrahedral models was unstable and resulted in
higher Debye-Waller andy? values (Table 2, fits 1 and 2).
The degree of stability in the fits was determined by
reproducing the best distance and thermal disorder parameters
using a wide range of initial conditions (e.g., bond distances
AR). This procedure may indicate if the derived solution
resides in a local minimum. Fits of Co-TbADH data to
pentacoordination models (Table 2, fits-8) were stable
only within narrow range of initial conditions«0.05 < AR

(- - -). The insert shows a background-corrected pre-edge spectrum< 0.1) in comparison to the fits of octahedral modet9(3

showing the 1s3d transition. (b) Co-TbADH ), the Co-
TbADH—NADP* complex (- - -), and the Co-TbADHNADP—
DMSO ternary complexd).

< AR < 0.25). Our final assignment of octahedral coordina-
tion is also supported by the lack of a-43d pre-edge
transition (see Figure 1).

increases with a decrease in coordination number because The comparison of average €bl and Co-O bond

of the loss of the inversion center in lower-symmetry
complexes. The spectra of Co-TbADH and the octahedral
Co-AcAc (41) compound contain similar small +8d
transitions at approximately 7711 eV. Integration of the 1s
3d intensities results in a peak area of %6102 eV for
Co-TbADH and 4.2x 102 eV for Co-AcAc (Figure la

lengths in octahedral structures in the Cambridge Structural
Database, including more than 2500 structures for each bond,
reveals a similar distribution of bond distances of 200
0.10 A. Comparison of cobalt ligand bond distances in
octahedral protein structures on the Metalloprotein Database
at the Scripps Research Institute (http://metallo.scripps.edu)

inset). These values are consistent with octahedral cobalt Site?eveals that the average €asp distance of 2.1% 0.15 A
(39). Overall, these results suggest that metal ion coordination(derived from 132 structures) and the av.eragel—Giu

in Co-TbhADH is higher than the native coordination of the
metal ion in Zn-TbADH (4, 15). In addition, we used the
well-studied inhibitor DMSO &, 42) to mimic binding of
the substrate to the Co-TbADH active site. Inhibition of Co-
TbADH with DMSO resulted in no significant change in
the XANES spectrum (Figure 1b), in contrast to our previous
studies of Zn-TbADH, which exhibited a distinct shift of
~1.5 eV in the X-ray absorption edge position upon DMSO
binding (5).

EXAFS AnalysisTo obtain detailed information about the
Co-ThADH active site structure, we conducted an EXAFS
analysis of Co-TbADH and the Co-TbADHNADP*—
DMSO complex. We used standard curve fitting procedures
to fit the FEFF7 theory data to the real and imaginary parts
of the Fourier-transformeg(k) (27—29). The results of the

distance of 2.15 0.12 A (derived from 92 structures), and
the Co-H.0 distance of 2.1 0.22 A (derived from 138
structures) tend to be slightly shorter than the—Etis
distance of 2.25 0.14 A (derived from 47 structures). Yet
we found that we cannot assign our EXAFS distance solution
to specific ligands on the basis of this database search.

The EXAFS curve fitting analysis was complemented by
bond valence sum (BVS) analysis. BVS is used to assess
the compatibility of a given set of metaligand bond lengths
with the assignment of a particular oxidation state to a central
metal atom in a coordination complex. The calculations are
based on the concept that the valence ofjthanetal atom
or ion, z, can be defined (eq 3) in terms of the sum of

individual bond valencesy;.

EXAFS data analysis and the fitting parameters are presented

in Table 2 and Figure 2.

Z= zvij 3)

The distances and coordination numbers obtained for the
Co-TbADH samples were determined by analyzing each dataThe bond valencess) are calculated using the relationship



Table 2: EXAFS Curve Fitting Parametgrs

M—N/O M—N/O M-S M—C
fit sample 72 AE N R(A) 0? AE N R(A) 0? AEg N R(A) o? AEy N R(A) o? BVS®
Zn-TbADHP® O(F) 1(F) 1.81(3) 16¢105 0.0(F) 2(F) 2002 35103 O(F) 1(F) 2.24(1) 1.0<10° 2.2-2.3
Zn-ThADH comple® —27(F) 2(F) 1.83(3) 16105 —27(F) 2(F) 2.053) 14103 —-27(F) 1(F) 225(F) 1.&10* 2.7-2.8
1 Co-TbADH (4:3-1) 89 —4.4(F) 3(F) 2.03(1) 4.6&10°3 —44(F) 1(F) 231(1) 2%10°% —2(F) 3(F) 2.93(1) 33103 20
2 Co-TbADH (4:1-2-1) 156 —4.9(F) 1(F) 1.96(14) 4% 103 —49(F) 2(F) 205(11) 1.6 107 —-49(F) 1(F) 232(4) 2510° 08(F) 3(F) 299(F) 2410% 2.0-2.1
3 Co-TbADH (5:4-1) 67 —40(F) 4(F) 2051 9.Xk10°3 —40(F) 1(F) 229(1) 3.x10° —10(F) 3(F) 294(1) 3%103% 24
4 Co-TbADH (5:1+3-1) 65 —4.1(F) 1(F) 1.924) 3.%10% —41(F) 3(F) 208(2 26105 —-41(F) 1(F) 2.30(4) 9.6x10° 08(F) 3(F) 299(F) 3.%103 24-25
5 Co-TbADH (5:2-2—1) 75 —41(F) 2(F) 198(4) 6.410° —-41(F) 2(F) 2.09(5) 1.&x107 —41(F) 1(F) 2.304) 7.%103 08(F) 3(F) 299(F) 3.&103 25
6 Co-TbADH (6:5-1) 60 —3.4(F) 5(F) 2.08(1) 13102 —34(F) 1(F) 227(1) 3.x10°% 06(F) 3(F) 2941 3%103% 27
7 Co-TbADH (6:+4-1) 64 —55(F) 1(F) 1.86(3) 3.6103 —-55(F) 4(F) 207(2) 3%103 -55(F) 1(F) 2.26(3) 56103 16(F) 3(F) 299(F) 56103 3.0-3.1
8 Co-TbADH (6:2-3—1) 65 —55(F) 2(F) 1.953) 1k102 —-55(F) 3(F) 209(2) 4&x10% -55(F) 1(F) 2.26(4) 46:¢10% 16(F) 3(F) 299(F) 506103 3.0
9 Co-TbADH (guess) 66 —-55(F) 1(F) 1.88(F) 5% 103 -55(F) 4.0(4) 207(F) 5&10% —-55(F) 1(F) 226(F) 56103 1.6(F) 3(F) 299(F) 58103 3.0-3.1
10 Co-ThADH complex (4:31) 249 —-1.0(F) 3(F) 2.07(1) 2103 —-1.0(F) 1(F) 235(F) 1.& 102 3.4(F) 3(F) 3.02(1) 55103 1.8
11 Co-TbADH-complex (4:+2—1) 230 —1.0(F) 1(F) 2.00(20) 1.x10% -1.0(F) 2(F) 210(8) 16107 —10(F) 1(F) 2.32(F) 1.%102 34(F) 3(F) 3.024) 56103 2.0
12 Co-TbADH complex (5:41) 140 -1.0(F) 4(F) 2.09(1) 6.8 103 —1.0(F) 1(F) 226(F) 9.4 10° 34(F) 3(F) 3.01(2) 64103 23
13 Co-TbADH complex (5:+3—1) 133 —1.0(F) 1(F) 200(20) 3.4 102 —1.0(F) 3(F) 212(9) 2&x105 —-10(F) 1(F) 225(F) 1.%k102 3.4(F) 3(F) 3.01(3) 6.&%103 23
14 Co-TbADH complex (6:51) 81 —1.0(F) 5(F) 211(1) 1% 102 —-1.0(F) 1(F) 227(F) 3.k 10°% 34(F) 3(F) 3.002) 7.&10% 25
15 Co-ThADH complex (6:+4—1) 67 —1.0(F) 1(F) 1.953) 14103 —-10(F) 4(F) 214(2) 3.x103% —-10(F) 1(F) 2.24(F) 15103 34(F) 3(F) 3.002) 8%103 27
16 Co-TbADH complex (6:23—1) 68 —1.0(F) 2(F) 2.00(4) 48102 —-1.0(F) 3(F) 217(2) 4&x103 —-10(F) 1(F) 224(F) 1%x103 34(F) 3(F) 3.002) 8%103 2.8-29
17 Co-TbADH complex (guess) 67—-1.0(F) 1(F) 2.00(5) 1.&10° —10(F) 4.04) 215(F) 5&10°% —10(F) 1(F) 224(F) 14103 34(F) 3(F) 3.00(F) 8%10% 2526

002 ‘22 'ON ‘€¥ "[OA ‘Ansiwayoolg 9GTL

aResults of EXAFS curve fitting analysis for Co-TbADH (fits-®) and of Co-TbADH in a complex with NADPand DMSO (fits 16-17). F stands for fixed and indicates that the parameter was fixed
in the fit model.R is the distance of atoms from the metal ion (M) in angstrokhss the number of atoms:? is the Debye-Waller factor.AE, is the correction to the energy origin. Fixing of a specific

parameter was executed only after varying it and choosing its best value. The uncertainties regaRljyayaineeter are shown in parenthe$eghe fitting results for Zn-TbADH and Zn-TbADH in complex
with NADP* and DMSO are from ret5. ¢ BVS analysis was preformed using published values for each #legahd combination obtained from rdB. ¢ Stable only for initial conditions under which the
M—N/O | distance equals 2.6€2.15 A.e Stable only for initial conditions under which the-MN/O | distance equals 1.8%.00 A and the M-N/O Il distance equals 2.62.15 A.f Stable only for initial
conditions under which the MN/O | distance equals 1.9€2.16 A and the M-N/O Il distance equals 2.64.17 A.

Te 19 pIajiay
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149 a in unacceptable DebyeNaller factors ¢0.01 for first-shell

] i coordination), large uncertainties in the distance parameters,
'1' ‘\ N and highy? values (fits 16-14). These results show that the
[\ 4 ’,' \ ) binding of DMSO did not change the coordination number
,’ \ of the catalytic cobalt of Co-TbADH in its ternary complex,

- -
SN
1 1

which remained six-coordinate, as observed for Co-TbADH
8 ’ alone. The similar geometry of the cobalt ion in both
complexes and their calculated BVS values are in agreement
] {\% WiFh the absence of the edge shift seen in our edge analysis
° iy = N Y (Figure 1b).
o o 1 Overall, our XAS analysis indicates structural differences
between Zn-TbADH and Co-TbADH. These changes re-

Magnitude[A?]

N o e e i
Kx(k) [A”]
S o
o o

144 b 10 sulted in a different total effective charge and coordination
1 & os I of the catalytic metal. Yet Co-TbADH and Zn-TbADH have
T 127 . [ v similar far-UV circular dichroism spectrd), Therefore, we
2’ 1.0- ! iR U AR U AN N AR propose that the cobalt substitution induces only local
o ] ; x A ; ; ..
2 08 ! IR B O B ¥ structural changes at the catalytic metal site. Similar local
5 ! a0] changes in metal bond distances and coordination upon zinc
S 0.6 ; T T 3 s to cobalt substitution have been observed before for other
~o04d F & KIA'] metalloenzymes40, 47—49). In fact, zinc and cobalg-class
0.2 ﬁ\yi "‘3‘ carbonic anhydrase froMethanosarcina thermophilaave
' N A A almost identical three-dimensional structuré8)(However,
l T — - . in these enzymes, the zinc is pentacoordinate to three
0 2 4 6 8 10 histidine residues and two water molecules. Interestingly, the
Distance [A] cobalt ion in the substituted enzyme is coordinated to an

FiIGURE 2: EXAFS curve fitting analysis of (a) apo-Co-ThADH additional water molecule, thus forming a hexacoordinate

and (b) the Co-TbADHNADP*—DMSO ternary complex to ~ complex with enhanced activity4§, 50). The expanded
simulated theoretical zinc ligand contributions of the TbADH active coordination of this cobalt-substituteg-class carbonic

site. The solid line indicates the experimental data, and the empty gnhydrase enzyme was suggested to enhance the reaction

circles represent the best fits. Insers show the best fits in back- ates by a ligand stabilization process occurring because of
transformed representation. Experimental data were extracted an

normalized using the UWXAFS analysis package. The theoretical 1€ @dditional ligand binding to the catalytic metai}.
XAFS signal was constructed of apo-CbADH subunit B active site Similarly, thermolysin exhibits a 2-fold increase in its activity
data (PDB entry 1PED)1¢) or aqua-thioureal{,N-diacetato)- toward some substrates upon substitution of the zinc ion for
semicarbazidtN,0,0",0"]cobalt(ll) (30) as a model calculated — cohalt while increasing the coordination number of the metal

using FEFF7 28, 29). The fitting analysis procedure is described . ) :
in the text. The quality of the fits and parameters are presented in ion from four to five @7). The change in the metal

Table 2. coordination number is derived from the ligation of two water
molecules to the metal site, rather than one in zinc-bound

for a valence V) of a given bond thermolysin. Interestingly, the water molecules coordinate
the cobalt ion in positions that superimpose the proposed

V, = exp[({, — r)/B] 4) positions of the substrate carbonyl oxygens in the five-

coordinated transition staté?).
whereB is a constant (0.37 A is the length of a given The binding of DMSO to Co-TbADH did not change the
bond, andrg is an empirical parameter for a given metal  coordination number of the catalytic site (Table 2), yet the
ligand combination obtained either from published tables or coordination of DMSO to the cobalt ion in the substituted
from standard equationgd3—46). The BVS value is gener-  enzyme induced a small variation in the bond distance, which
ally close to the formal oxidation state of the metal. This may result in minor conformational changes within the
type of analysis is useful for interpreting EXAFS data of enzyme active site for accommodation of the substrate and
metalloproteins, where the bond lengths are determined withplace it in a favorable position for catalysis. In this respect,
a high precision 46). The complementary BVS values the higher coordination detected for the cobalt ion in
obtained for each fit of Co-TbADH are listed in Table 2. substituted TbADH facilitates a more reactive catalytic site
The BVS calculation of the best fit of Co-TbADH is in the by stabilizing an intermediate-state structure, which may
range of 3.6-3.1. These values are higher than those obtainedevolve during catalysis, as was suggested for cobalt-
for Zn-TbADH (2.2-2.3), indicating that the change to a substituted thermolysind{).

higher coordination number for Co-TbADH is followed by Interestingly, substitution of the ThADH catalytic zinc ion
the accumulation of an additional positive charge on the for manganese has shown to cause a 2.4-fold enhancement
catalytic metal ion. of the enzymatic activity (compare to the 1.4-fold enhance-

The EXAFS analysis of the inhibited complex, Co- mentcaused by cobaltl) Manganese tends to bind proteins
TbADH—NADP"—DMSO (holo-Co-TbADH-DMSO), was in an octahedral arrangement, whereas for zinc, a tetrahedral
best fitted with six Ce-O/N ligands: one CoO/N ligand geometry is preferredb(l, 52). Our preliminary XAS results
at 1.95+ 0.03 A, four Co-O/N ligands at 2.14t 0.02 A, with the manganese-substituted ThADH show the unique
and one Ce'S ligand at 2.24 0.02 A (Table 2, fit 16). All characteristics of octahedral coordination (data not shown).
attempts to constrain the fit to four or five ligands resulted These results further demonstrate the linkage between the



7158 Biochemistry, Vol. 43, No. 22, 2004

metal coordination state and the reaction rates in TbADH.

DFT/B3LYP CalculationsTo provide further insights into
the energetic profile, complex geometry, and origin of the

two Co—O contributions detected by our XAS analysis, we

Kleifeld et al.
Table 3: Molecular Energy Valugs
synsyn syranti antisyn antjanti
Co* 2.2 0.0 3.8 25
Zn?t 1.8 0.0 3.3 2.6

carried out a series of quantum chemical calculations.
Initially, our model systems consisted of metal ions?Co
and Zrt*, and the side chains of amino acid residues that
directly participate in metatligand bonds: Asp, Glu, Cys,

aThe molecular energies of various conformers of the [M(HC£O)
(CH3S)(CHNCH)]~ system used as the model for the investigation
of the possible binding modes of carboxylates at the site in ADH. All
values are in kilocalories per mole.

and His. The former three were considered in their depro-
tonated forms (i.e., as carboxylates and methylthiolate). The
starting geometries were taken from the available three-
dimensional structure of TbADHL#) and optimized (data
not shown). The gas-phase complexation energies of both
ions, computed at the B3LYP/6-3+#-G(2df,2pd) level,
using eq 2, are-600.4 kcal/mol for cobalt(ll) and-598.4
kcal/mol for zinc(ll). These results indicate that both?Co
and Zrf* have a tendency to form tetrahedral complexes
using the first-coordination shell residues of the metal ion
in TbADH.

In the next step, the hypothesis, whether the additional
two Co—O contributions detected at the metal ion in Co-
TbADH result from the binding of two water molecules, thus

causing a transition into an octahedral geometry, was tested.

The starting structures were built up from the four-
coordinated models calculated in the previous steps with the
four L—M—L angles changed from the “tetrahedral” (ap-
proximately 109) to “octahedral” values (approximately 90
and the two empty positions occupied by two water
molecules. Surprisingly, the optimization of the gas-phase
model resulted in the tetrahedral structure of the binding site
(for both ions) with the water molecules being expelled into

Ficure 3: Equilibrium geometry of a model cobalt(lll) complex

the second solvation sphere (data not shown). The complex-mimicking the metal-binding site of alcohol dehydrogenase [Co-

ation energies, recalculated at the B3LYP/6-83#1G(2df,-
2pd) level, using eq 2, are517.4 kcal/mol for cobalt(Il)
and —525.0 kcal/mol for zinc(Il). These values correspond
to the reaction energy for the following reaction:

[M(H,0)¢*" + { (His)(Asp)(Glu)(Cys)(HO),} —
{(H,0)¢} + [M(His)(Asp)(Glu)(Cys)(HO),1*"

where{ (A)(B)...} denotes the cluster of ligands preorganized
in the equilibrium geometry of the [M(A)(B).2} complex.
Overall, these results suggest that*Chas no significant
preference to form hexacoordinate complexes ovér 2m
the contents of the TbADH active site.

Further attempts to obtain stable hexacoordinate Gere
made using the carboxylate groups of Asp and Glu as
potential bidentate metal-coordinating ligands. These groups
may bind metals in several modesyn anti, and bidentate
(the bindingsyn mode is characterized by the met&@—
C—0 torsion angle of bound carboxylate approachirig 0
whereas it is~180 for the anti mode). The existence of
the bidentate binding mode can possibly account for the
presence of six atoms in the first coordination sphere in Co-
TbADH. The geometry optimizations of four conformers,
combinations ofsyn and anti binding modes, of model
[M(HCOO)(CHsS)(CHNCHy)]~ complexes have been car-
ried out (data not shown). The molecular energies of all four
studied conformers are listed in Table 3. The optimizations
of the molecular geometries of conformers with a purely
bidentate binding mode of carboxylates have not yielded the

(His)(Asp)(Glu)(Cys)(HO),]. Metal—ligand distances are in ang-
stroms.

minima on the potential energy surface. Instead, the opti-
mizations ended up in the nearsgnsynmode. Therefore,

in agreement with the results previously described, the
calculations do not suggest any significant tendency éf Co
(relative to Zi*) to form hexacoordinate complexes using
the mode of binding made available by the carboxylate
residues. These results are in good agreement with our
previous observationd ) and the XAS and BVS analyses
reported here, indicating that the formation of higher-
coordination complexes with both Zn-TbADH and Co-
TbADH utilizes the accumulation of partial positive charge
on the metal ion.

In agreement with this statement, the quantum chemical
calculations of the model complex [E¢Asp)(Glu)(His)-
(Cys)(H20),] have been carried out [the €ohas been
considered in its closed shell singlet state, i.exq)%E,)°
electron configuration]. The obtained equilibrium (optimized)
geometry clearly shows that the studied complex is stable
using octahedral coordination geometry. This can be ex-
plained by the much stronger electrostatic interaction between
the formally (3+) charged metal ion and the negatively
charged ligands. The equilibrium structure and melighnd
distances are depicted in Figure 3. The melgand
distances obtained by EXAFS analysis are in good agreement
with the corresponding calculated values. The-G¢Cys)
distance of 2.26- 0.02 A obtained by EXAFS is in excellent
agreement with the calculated value of 2.27 A. The EXAFS
results of one CeN/O bond at 1.86+ 0.03 A may
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correspond to a CeAsp distance of 1.92 A or a CeGlu CONCLUSIONS
distance of 1.89 A. The former alternative may be more
likely, since the binding of Glu-60 is considered to be weaker
due to the steric constraints exercised by the rest of the
protein. Therefore, we assume that four clusteree-ON

distances (2.0% 0.03 A) can be assigned to Ebdl(His)

In the study presented here, a cobalt substitution was
utilized to assign the reaction mechanism of TbADH.
Specifically, by using kinetics, X-ray absorption, and DFT
calculations, we characterized the local structure and elec-
tronics of the active site of Co-TbADH. Co-TbADH exhibits
bonds of 1.97 A, CeO(H,0) bonds of 2.02 and 2.04 A, o hanced activity and a different local structure around the
and the previously discussed €0(Glu-60) distance. The  ca¢4)ytic metal ion compared with Zn-TbADH. XAS analysis
nearest environment (energy-minimized) of the cobalt ion of oo THADH reveals that the metal ion possesses octahedral
in Co-TbADH shown in Figure 3 describes a symmetric cqordination and not tetrahedral coordination as in Zn-
octahedral Celigand complex where two additional water ThADH; binding of DMSO to Co-TbADH is by substitution
molecules coordinate the metal ion. The high level of of another ligand while octahedral coordination is maintained
symmetry suggested in Figure 3 is also supported by our and not by coordination expansion, as seen with Zn-TbADH
edge analysis (see Figure 1). Nevertheless, in this stage wg15 59). BVS analysis and DFT calculations suggest that
cannot exclude the possibility that other active site ligands these local structural changes of Co-TbADH are accompa-
may coordinate to the metal ion via oxygen and/or nitrogen nied by the partial oxidation of the catalytic metal ickb(
ligation instead of water. 16). Taken together, the work presented here addresses the

An important aspect of metalloenzyme catalysis is the important role of the metal in metalloenzyme catalysis and
electronic and Charge Changé§’(54)_ The DFT calculations qemonstrates the t|ght ConneCtiO.n b.etWeen enzymatiC activ-
presented here suggest that thé'Gon undergoes oxidation ity metal charge, and the coordination state.
while forming an octahedral structure complex at the Co-
TbADH catalytic site. The higher valence of the cobalt ion
in Co-TbADH is supported by our BVS analysis (Table 2). = EXAFS data collection was conducted at the National
Interestingly, binding of DMSO to the Zn-TbADH active  Synchrotron Light Source at Brookhaven National Labora-
site induced a distinct change in the metal charge, as observedory.
by XANES (15 and BVS calculations (Table 2), whereas
in Co-TbADH, the binding of DMSO did not cause such REFERENCES
changes (Figure 1 and Table 2). A possible explanation for 1. Bogin, O., Peretz, M., and Burstein, Y. (1997ermoanaero-
these results may lie in the different Lewis acidity properties bacter brockii alcohol dehydrogenase: characterization of the
of the cobalt and zinc iond.¢). Importantly, our previously 2;%"‘9 site metal and its ligand amino aciéisotein Sci. 6450~
reported time-resolved XAFS studies of TbADH catalysis 2. sun. H. W., and Plapp, B. V. (1992) Progressive sequence
provide real-time experimental evidence of the dynamic alignment and molecular evolution of the Zn-containing alcohol
perturbation of the metal ion valence during substrate g%?é’gg’%??gﬁﬁ f(;‘g“”'('a)g" 'Xé'_"t%‘gg;‘ﬁgg%ﬁ in biological
turnover (6). The change in the total effective charge of systemgSigel, H., Ed.) pp +54, Dekker, New York.
the zinc ion indicates a continuous biphasic process consist- 4. Zeppezauer, M. (1983) Coordination properties and mechanistic
ing of an initial rapid linear phase of building up a partial gi?ecéz r"féi"lecgog‘gc_"{‘g'z dehydrogenab#TO Ad. Study Inst.
positive charge on the metal ion, followed by an opposing 5. Wilkinsori, G. (1987)Cofnprehansje Coordination Chemistry:
slow exponential phase, which neutralizes the charge. The The Synthesis, Reactiones, Properties and Applications of Coor-
accumulation of a partial positive charge on the catalytic zinc dination Compoundsvol. 5, Pergamon Press, London.
ion correlates with the assembly of pentacoordinated inter-
mediates 16). Therefore, the higher valence of the catalytic 7
metal in Co-ThADH reported here may contribute to and

6. Bertini, ., Luchinat, C., Maret, W., and Zeppezauer, M. (1986)
Zinc EnzymesVol. 1, Birkhauser, Boston.

facilitate substrate binding and stabilization of the reaction

intermediates. 8

. Dunn, M. F., Biellmann, J. F., and Branlant, G. (1975) Roles of
zinc ion and reduced coenzyme in horse liver alcohol dehydro-
genase catalysis. The mechanism of aldehyde activaBan,
chemistry 143176-3182.
. Eklund, H., Plapp, B. V., Samama, J. P., and Branden, C. |. (1982)
; inati ; ; _ Binding of substrate in a ternary complex of horse liver alcohol
.A Q|fferent kinetic behavior occurring upon cobal.t sub dehydrogenase). Biol. Chem. 2571434914358
stitution of enzymes from the same enzymatic family was g pworschack, R. T., and Plapp, B. V. (1977) Kinetics of native
observed for ther-class carbonic anhydrases, where cobalt and activated isozymes of horse liver alcohol dehydrogenase,
substitution doubled the activity of bacterial thermophilic Biochemistry 16111-116.
y-class carbonic anhydrase and reduced the activity of human
carbonic anhydrase isozymd8g 50). Cobalt-substituted
thermolysine exhibited>2-fold more activity than zinc
thermolysine %5, 56). Astacin exhibits an~1.4-fold in-
creased activity upon cobalt substitutid&Y), whereas such
a substitution of astacin-likBerratiametalloendopeptidase
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